The netrins are a small but highly conserved family of axonal guidance signals found throughout the animal kingdom. This sequence conservation was used to isolated cDNAs for two mouse netrins. Analysis of their expression patterns and functional properties showed that mouse netrin-1 is in most respects similar to its orthologs in other vertebrates while the properties of netrin-3 differ markedly from those of other members of this protein family. In contrast to netrin-1 which is widely expressed both in the developing nervous system and in mesodermal tissues, netrin-3 transcripts are largely restricted to dorsal root ganglia and the developing limb buds. netrin-3 binds with a signi®cantly lower af®nity to the netrin receptor DCC and is also ineffective in eliciting the outgrowth of commissural axons in vitro. These results demonstrate that, although the netrins are highly conserved signals that guide axons to or away from the midline of the developing nervous system, at the same time they show a surprising degree of divergence in vertebrates. q
Introduction
During the development of the nervous system guidance signals direct axons along de®ned pathways to establish a complex network of neuronal connections. Several gene families have been described that encode chemotropic signals guiding axons to their target areas Varela-Echavarria and Guthrie, 1997) . One of these, the netrins, have been shown to act as chemoattractants for spinal commissural axons and chemorepellents for trochlear motor axons Sera®ni et al., 1994; Colamarino and TessierLavigne, 1995a; Sera®ni et al., 1996) . Members of this highly conserved gene family have been isolated from a variety of organisms including nematodes,¯ies, frogs, chick, mice, zebra®sh, and humans (Ishii et al., 1992; Kennedy et al., 1994; Sera®ni et al., 1994; Lauderdale et al., 1997; Stra Èhle et al., 1997; Van Raay et al., 1997) . Expression of netrins can be detected at high levels in midline structures such as the midline glia cells of Drosophila larvae or the¯oorplate of the vertebrate nervous system Lauderdale et al., 1997) . Genetic analyses in several organisms have con®rmed that they play an essential role not only in guiding axons to or away from the midline of the nervous system but also in the establishment of other axonal pathways (Hedgecock et al., 1990; Harris et al., 1996; Mitchell et al., 1996; Sera®ni et al., 1996; Deiner et al., 1997; Winberg et al., 1998) . In vertebrates, netrin-1 is essential to attract commissural axons towards thē oorplate . With the exception of C. elegans, two closely related netrin genes have been described in all organisms analyzed so far where they perform similar but not completely identical functions.
The netrins exert their effects by interacting with two distinct receptor proteins, UNC-40 and UNC-5 in C. elegans, and DCC and the unc5 homologs unc5H1-3 in mammals (Hedgecock et al., 1990; Chan et al., 1996; Keino-Masu et al., 1996; Sera®ni et al., 1996; Ackerman et al., 1997; Fazeli et al., 1997; Leonardo et al., 1997) . Mutation of DCC in mice leads to severe guidance defects of commissural axons in the spinal cord that are very similar to those seen in netrin 2/2 mice Fazeli et al., 1997) . Together with their receptors the netrins represent a conserved signaling system responsible for both global and local guidance cues that direct migrating cells and growth cones (Kolodziej et al., 1996; Tessier-Lavigne and Goodman, 1996; Varela-Echavarria and Guthrie, 1997) .
So far, only one netrin gene (netrin-1) has been described for the mouse . Here, I report the isolation and characterization of a second mouse netrin. Surpris-ingly, netrin-3 displays properties which differ not only from that of netrin-1 but also from its closest homolog, chick netrin-2. Its expression pattern and its biochemical and functional properties are quite distinct from those of both mouse netrin-1 and chick netrin-2. These data support the notion that mouse netrin-1 performs functions to some extent equivalent to those of chick netrin-1 and -2, while the second netrin gene in the mosue, netrin-3, appears to have The protein sequences of mouse netrin-1 (mmnetrin-1) and and netrin-3 (mmnetrin-3) were aligned with the sequences of chick netrin-1 (ggnetrin-1) and netrin-2 (ggnetrin-2) using the programs CLUSTAL and PILEUP (HUSAR 3.0 software). Amino acid residues conserved in all four sequences are indicated by asterisks. Conserved residues present in more than half of the displayed sequences are indicated by bold letters. (B) A dendrogram was constructed basd on the coding sequences of C. elegans (ce unc-6: M80241), Drosphila (dm netrinA: U63736; dm netrinB: U63737), zebra®sh (dr netrin-1a: AF002717; dr netrin-1b: AF017420), chick (gg netrin1: L34549; gg netrin-2: L34550), mouse, and human netrins (hs netrin-2: U86759) using the TREE program (HUSAR3.0, dkfz Heidelberg). The netrin sequences fall into two subgroups, those proteins most similar to chick netrin-1 (netrin-1 like) and those with the highest homology to chick netrin-2 (netrin-2 like).
functions different from those of both mouse netrin-1 and chick netrin-2.
Results

Cloning of murine netrin-1 and -3
Degenerate oligonucleotides derived from conserved regions of chick netrin-1 and -2, and C. elegans UNC-6 were used to amplify DNA-fragments from mouse E12.5 spinal cord cDNA by PCR. Sequence analysis of 60 PCR fragments identi®ed two classes of clones with sequence homology to netrins which corresponded to the transcripts for netrin-1 and netrin-3 (see below). These fragments were used as probes to screen several cDNA libraries, resulting in the isolation of full length cDNAs for netrin-1 and several partial netrin-3 clones. No clones corresponding to additional netrin genes could be identi®ed by either PCR or screening cDNA libraries at low stringency. Additional netrin-3 cDNAs including one full-length cDNA were isolated using a RACE cDNA fragment containing the 5 Hend of netrin-3 as a probe. Both strands of the full-length cDNAs for netrin-1 and netrin-3 as well as several partial netrin-3 clones were completely sequenced (Fig. 1A) . The amino acid sequence of the murine netrin-1 was 86% identical and 92% similar to that of chick netrin-1 and thus most likely represents the orthologous gene in mice (Fig. 1A) . In contrast, the position of netrin-3 is less clear. Although it has the highest degree of similarity to the chick netrin-2 (58% identity and 73% similarity), it is far less homologous to this protein than netrin-1 to its ortholog. It is also less similar to UNC-6 than the other netrins. The complete coding sequences of all published netrins were used to construct a dendrogram which allowed to distinguish two subgroups of netrins (Fig. 1B) , the netrin-1 like and the netrin-2 like Fig. 2 . Expression of netrins in E10.5±E12.5 mouse embroys. E10.5 (A,B,E), E11.5 (C,D,F) or E12.5 (G) mouse embryos were hybridized with digoxigeninlabeled cRNA probes speci®c for netrin-1 (A, C) or netrin-3 (B,D±G) and sectioned with a vibratome (E,F). netrin-1 expression was prominent at the base of the limb buds (lb, arrow in A, arrowhead in C). In contrast, netrin-3 was detected in the distal limb bud (arrowheads in (B,D,F)) and the dorsal root ganglia (arrows in (B,D,E)) but not the neural tube (nt, E). At E12.5 netrin-3 transcripts were restricted to the anterior half of the proximal hindlimb bud (arrowhead in G). A dorsal view is shown in A and side views in (B,C,D,G) . Anterior is to the top in (A,B) and to the right in (C,D,G).
sequences with netrin-3 belonging to the latter subgroup. However, both its expression pattern in mouse embryos and its biochemical properties clearly distinguish netrin-3 from both chick netrin-2 and mouse netrin-1 (see below). Therefore, the second mouse netrin gene was named netrin-3 to indicate that it is not possible to decide if it represents the mouse ortholog of the chick netrin-2 gene. While this work was in progress, a human clone (GenBank accession number U86759) encoding a netrin-2 like protein was published which is 87% identical and 92% similar to mouse netrin-3, and therefore probably represents its human ortholog.
Expression of netrin-1 and -3 in mouse embryos
The expression of netrin-1 and -3 during embryonic development was analyzed by in situ hybridization of paraf®n sections and whole mouse embryos from day 9.5 of gestation (E9.5) to E15.5. Expression of both netrins was detectable by whole mount in situ hybridization from E9.5 of gestation onwards (data not shown). Whereas the expression pattern of mouse netrin-1 was quite similar to that described for chick netrin-1 the distribution of netrin-3 transcripts differed markedly from that of both chick netrin-2 and mouse netrin-1. netrin-3 expression was almost completely absent from the central nervous system (Fig. 3C ,E) and in many respects complementary to that of netrin-1 (compare Fig. 3B ,C and Fig. 3D,E) . With netrin-1 probes, strong hybridization signals were observed at E10.5 in thē oorplate, the ventricular zone (VZ) of the spinal cord excluding only its dorsal quarter and the ventral half of the telencephalic neuroepithelium (Fig. 3A,B,D) . Transcripts of netrin-1 were not restricted to neural tissue. A stripe of netrin-1 expressing cells was observed at the base of the limb buds ( Fig. 2A and Fig. 3A,B) . Additional strong hybridization signals were observed in the somitic mesoderm, the dorsal aorta, the heart and the branchial pouches (Fig. 3A,B,D) . At E10.5 the strongest sites of Fig. 3 . Complementary expression of netrin-1 and netrin-3. Cross-sections of paraf®n-embedded E10.5 (A±E), E12.5 (F±H), or E15.5 (I) mouse embryos were hybridized with 35 S-labeled cRNA probes speci®c for netrin-1 (A,B,D,F,G,I) or netrin-3 (C,E,H). Strong netrin-1 expression was detectable in the ventricular zone (vz) of the spinal cord (sc) and the developing brain, the limb buds (lb), somites, and the dorsal aorta (da) while netrin-3 transcripts were observed in the dorsal root ganglia (arrowheads in (C)) and at a low level in mesenchymal cells throughout the embryo (C), arrows in (E,H). At E12.5 and E15.5 netrin-1 expression could be seen in addition in the dorsal horn (arrow in E).
netrin-3 expression were the dorsal root ganglia (Figs. 2B and. 3C) and the distal limb buds (Fig. 2B) . A low level of netrin-3 expression was detectable in addition in mesenchymal tissues throughout the embryo (Fig. 3C,E) .
At E11.5, expression of netrin-3 was still restricted to the dorsal root ganglia and two populations of mesodermal cells in the distal limb buds (Fig. 2D ,E,F), one located dorsally and one ventrally (Fig. 2F ). netrin-1 mRNA in the limb buds was observed proximal to the netrin-3 expression domain in the distal limb buds (Fig. 2C,D) . Expression of netrin-1 in the VZ of the spinal cord and the developing brain remained high at E12.5 (Figs. 3F and 4A) . At this stage, a second expression domain appeared in the dorsal horn of the spinal cord (Fig. 3F ). In addition to strong hybridization signals in the¯oorplate and the VZ, a few scattered cells displaying a lower level of netrin-1 transcripts can be seen in the ventral half of the mantle layer.
Whereas high levels of netrin-1 mRNA could be detected in the limb buds at E12.5 (Fig. 3G) , expression of netrin-3 decreased and became restricted to the anterior half of the proximal limb bud (Fig. 2G , and data not shown) with stronger hybridization signals for netrin-3 transcripts in the hindlimb buds (Fig. 2G ) than the forelimb buds. In addition, a low level of netrin-3 mRNA could be detected in mesenchymal cells (Fig. 3H) .
At E15.5, hybridization signals for netrin-1 in the dorsal horn were reduced compared to earlier stages but remained strong in the¯oorplate (Fig. 3I ). In the developing brain, the midline and ventral half of the VZ remained the sites of highest netrin-1 levels but additional expression could be observed in the ganglionic eminence and parts of the diencephalon (Fig. 4B ). In addition, expression was detectable in the optic nerve and the optic disc (Fig. 4F,G) . Outside the nervous system, netrin-1 transcripts were found in the S-labeled cRNA probes speci®c for netrin-1 (A±D,F,G) or netrin-3 (E). Strong netrin-1 expression was detectable in the ventricular zone (vz) of the developing brain, the ganglionic eminence (ge) and the optic nerve (on) including the optic disc (arrowheads in F,G). Expression of netrin-1 was also seen in non-neuronal tissues such as the developing heart muscle (inset in (A)), the subcutaneous mesoderm of the whisker pads (arrowhead in (C)) and the tongue (D). netrin-3 mRNA was still detectable in the dorsal root ganglia (arrowhead in (E)) and at a low level throughout the embryo (E). Higher netrin-3 mRNA levels were detectable in mesenchyme surrounding the developing skeleton (arrow in (E)). tongue, in the subcutaneous mesoderm of the whisker pads, and the olfactory system (Fig. 4C,D) . The dorsal root ganglia remained the main site of netrin-3 expression (Fig. 4E ) in addition to low levels of transcripts in mesenchymal cells and slightly higher levels in cells surrounding the developing skeleton (Fig. 4E ).
Functional properties of mouse netrins
To obtain recombinant netrin proteins 293 cells were transfected with expression vectors for Flag-tagged mouse netrin-1 and -3. No recombinant protein could be detected in Western blots of media conditioned by transfected cells (Fig. 5A) . As described previously , netrin-1 could be extracted from these cells with 1M NaCl (Fig. 5A) . However, in a parallel experiment netrin-3 was not detectable in high salt extracts from transfected 293 cells although they expressed suf®cient amounts of protein (Fig.  5A) . Analysis of transfected cells by confocal microscopy of cells stained with an anti-Flag antibody showed that the netrin-3 protein was retained in the Golgi-apparatus (R.H. Adams and A.W. Pu Èschel, unpublished results). The same results were obtained when COS-7 or CHO cells were used to express these proteins (data not shown). As netrin-3 was predominantly expressed in sensory neurons, ND7 cells were tested as an expression system. This cell line was generated by a fusion of primary sensory neurons with a neuroblastoma line, N18 cells (Wood et al., 1990) . netrin-3 could be detected both in the medium conditioned by transfected ND7 cells and in high salt extracts from these cells (Fig. 5B) . However, N18 cells from which ND7 cells were derived, retained netrin-3 intracellularly, indicating that secretion of netrin-3 depends on a cell-type speci®c factor (Fig. 5B) . In contrast to netrin-1, a large proportion of the secreted netrin-3 could be recovered from conditioned medium and did not remain associated with the surface of transfected cells.
To test the functional properties of netrin-1 and -3 aggregates of 293 and ND7 cells were co-cultured with explants of dorsal E12.5 mouse spinal cord. netrin-1 expression in ND7 cells strongly stimulated axonal outgrowth from these explants which was comparable to that of netrin-1 expressed from 293 cells (Fig. 6A,C) . In contrast, netrin-3 had no signi®cant effect on commissural axons when expressed in either 293 or ND7 cells (Fig. 6B,D) . The same results were obtained when explants form E10.5 and E11.5 mouse spinal cord were cultured together with aggregates of transfected ND7 cells (data not shown). Western blots from cells and conditioned media transfected in parallel con®rmed that comparable amounts of both recombinant proteins were secreted by transfected ND7 cells (Fig. 5 , and data not shown).
To elucidate the molecular basis of the differential effects of netrin-1 and -3 on commissural axons the binding of fusion proteins of the secreted alkaline phosphatase (Flanagan et al., 1991) and the two mouse netrins to the netrin receptor DCC was analyzed (Fig. 7) . While netrin-1-AP showed a strong binding to DCC (Fig. 7A,B) only a weak interaction of netrin-3-AP could be detected with DCC (Fig.  7D,E) . Binding to DCC was barely above background at the highest netrin-3-AP concentration tested (4 U/ml AP activity, Fig. 7D,F) and considerably weaker than observed with 1 U/ml netrin-1-AP. From the relative staining intensities it can be estimated that netrin-3 has an af®nity to DCC that is at least one order of magnitude lower than that of netrin-1.
Discussion
Distinct properties of mouse netrins
Comparison of their sequences, expression patterns and functional properties revealed both conserved and unique Fig. 7 . Binding of netrins to DCC. 293 cells were transfected with an expression vectors for DCC (A,B,D,E), or pBK-CMV (C,F) and incubated with 10U AP activity/ml netrin-1-AP (A), 1 U/ml netrin-1-AP (B,C), 4 U/ ml netrin-3-AP (D), 2 U/ml netrin-3-AP (E), or 1U/ml netrin-3-AP (F). Bound alkaline phophatase activity was detected by incubation with Nitro-blue-tetrazolium and 5-bromo-4-chloro-3-indolylphosphate and resulted in the formation of an insoluble blue precipitate. Representative examples from 3 independent experiments are shown. While binding of netrin-1-AP to DCC was readily detectable (A,B) incubation with netrin-3-AP (D,E) resulted only in weak signals for bound AP activity (arrows in E) that were barely above background. The staining intensity of cells binding netrin-3-AP (E) is about 5±10 times lower than that of netrin-1-AP (B). Due to the poor expression of netrin-3-AP it was not possible to test higher concentrations for binding to DCC. AP fusion proteins did not bind to mock transfected cells (C,F).
characteristics of mouse netrin-1 and netrin-3. As described for other vertebrates Sera®ni et al., 1996; Lauderdale et al., 1997; Stra Èhle et al., 1997 ) mouse netrin-1 was expressed by midline structures of the developing nervous system. In contrast, netrin-3, differed in its expression from that of both mouse netrin-1 and chick netrin-2. Its expression in the developing embryo is restricted to dorsal root ganglia and limb buds. In addition, its functional properties were quite different from those of other netrins. Although it belongs to the subgroup of netrin-2 like genes, its distinct characteristics do not allow to decide if the second netrin gene in the mouse represents a true ortholog of the chick netrin-2 gene.
Expression of netrin-1 in the nervous system
In all vertebrates transcripts of netrin-1 like genes are expressed by the¯oorplate and neuroepithelial cells in the ventral half of the spinal cord Sera®ni et al., 1996; Lauderdale et al., 1997; Livesey and Hunt, 1997; Metin et al., 1997; Stra Èhle et al., 1997) . The extent of this netrin-1 expression domain, however, differs between species. In the chick embryo netrin-1 transcripts are restricted to the¯oorplate . In contrast, the expression domain of netrin-1a and -1b in zebra®sh (Lauderdale et al., 1997; Stra Èhle et al., 1997) and netrin-1 in mice comprise the ventral half and three quarters of the spinal cord, respectively. A low level of netrin-2 mRNA is found in the ventral two-thirds of the chick neural tube . It has been observed that the expression pattern of mouse netrin-1 resembles the composite of chick netrin-1 and netrin-2 mRNA distribution . For this reason, netrin-1 may perform functions in the mouse that correspond to those of netrin-1 and -2 in the chick. In E10.5 mouse embryos, high levels of netrin-1 expression can be seen throughout most of the spinal VZ excluding only its dorsal quarter. The expression domain of netrin-1, therefore, does not exactly correspond to the sum of chick netrin-1 and -2. In particular, its expression throughout most of the VZ raises the question how commissural axons navigate in this environment. Commissural neurons project circumferentially in the neural tube until they reach the position of the motoneurons where their axons turn towards the¯oorplate (Colamarino and Tessier-Lavigne, 1995b; Sera®ni et al., 1996) . Despite the strong expression of netrin-1 at dorsal positions these axons are not attracted to the VZ. One possible explanation for this behavior would be the presence of repulsive signals, such as the semaphorins (Pu Èschel et al., 1995 Adams et al., 1996) , that prevent them from growing towards the VZ at more dorsal positions. The balance of attractive and repulsive forces would determine the speci®c course taken by these axons (TessierLavigne and Goodman, 1996; Winberg et al., 1998) .
Although the details differ, the expression of netrin-1 like genes in the developing brain is also conserved to a large extent in vertebrates Sera®ni et al., 1996; Lauderdale et al., 1997; Livesey and Hunt, 1997; Metin et al., 1997; Stra Èhle et al., 1997) where they may perform functions similar those in the spinal cord. In addition to the midline and the ventral VZ, transcripts of netrin-1 like genes can be found in distinct structure of the developing brain such as the ganglionic eminence. The expression in the ganglionic eminence is consistent with reports that the ganglionic eminence serves as an intermediate target for corticofugal axons which in vitro are attracted by netrin-1 (Metin et al., 1997; Richards et al., 1997) .
One additional prominent and conserved site of netrin-1 expression was the optic nerve including the optic disc. In vitro, retinal ganglion cell (RGC) axons are responsive to netrin-1 and analyses of the netrin-1 and DCC knockouts revealed a requirement for netrin-1 and DCC for RGC axons to exit the retina and enter the optic nerve (Deiner et al., 1997) . The expression of netrin-1 in the optic nerve itself indicates that the function of netrin-1 may extend beyond attracting RGC axons into the nerve, possibly promoting their extension along the nerve.
In addition to its expression in the nervous system, netrin-1 transcripts were observed also in non-neuronal tissues such as the limb buds, the somitic mesoderm, the subcutaneous mesoderm of the whisker pads, the dorsal aorta and the developing heart muscle. While the expression patterns of the vertebrate netrin-1 genes are rather similar in the developing central nervous system they differ in their distribution in mesodermal tissues Sera®ni et al., 1996; Lauderdale et al., 1997; Livesey and Hunt, 1997; Stra Èhle et al., 1997) . In contrast to the expression in chick and mouse embryos no netrin-1 transcripts could be detected in somites of zebra®sh (Lauderdale et al., 1997; Stra Èhle et al., 1997) .
Possible function of netrin-3
One surprising result of this study was the observation that netrin-3 was not secreted by most cell lines tested for the production of recombinant protein. The only exception were ND7 cells which are derived from sensory neurons that are the major site of netrin-3 expression in the developing embryo. Thus, the netrin-3 protein is either retained in the Golgi aparatus, or requires a cell-type speci®c factor or modi®cation to facilitate transport to the cell surface as described for the calcitonin-receptor-like receptor (McLatchie et al., 1998) .
Mutation of netrin-1 in mice results in severe defects in the projection of spinal commissural axons. While the commissural interneurons still send axons ventrally in netrin-1 2/2 mice these fail to extend beyond the motor column towards the¯oorplate . In vitro,¯oorplate explants from netrin-1 2/2 mice fail to stimulate outgrowth from pieces of dorsal spinal cord but still can reorient the extension of these axons within the explant indicating that the¯oorplate produces factors in addition to netrin-1 that can guide commissural neurons. The expression pattern of netrin-3, however, makes it unlikely that it is a candidate for this¯oorplate-derived factor.
The inactivation of the netrin-receptor DCC in mice resulted in a more severe phenotyp than that observed for the netrin-1 knockout . This has been interpreted to indicate the existence of an additional signal present in the dorsal spinal cord possibly responsible for the initial ventral projection of commissural axons. netrin-3 is produced by sensory neurons which are adjacent to the commissural neurons of the dorsal neural tube and may even deliver netrin-3 from their axons as chemorepulsive signal. However, no effect of netrin-3 on commissural axons could be detected in vitro. This makes it unlikely that netrin-3 is responsible for the signal originating from the dorsal spinal cord. In addition, netrin-3 displayed a signi®cantly lower af®nity to DCC than netrin-1 and may therefore act preferentially through other types of netrin receptors (Keino-Masu et al., 1996; Sera®ni et al., 1996; Ackerman et al., 1997; Fazeli et al., 1997; Leonardo et al., 1997) . Alternatively, netrin-3 may be a candidate for a chemoattractive signal for motorneurons that has been described recently (Cook et al., 1998) . However, no effects of netrin-3 on motor neurons were observed in vitro (A.W. Pu Èschel, unpublished data). The absence of effects of netrin-3 on various types of axons could be due to the requirement for a cofactor comparable to the synergizing activity of unknown molecular nature that has been described for chick netrin-1 that is missing from the in vitro systems used so far. The distinctiveness of both its expression pattern and functional properties suggests that netrin-3 performs a function that is speci®c for mammals. The characterization of this function, however, has to await the development of a suitable in vitro system or the generation of mutations in this gene.
Divergence of netrin genes
Genes homologous to unc-6 have been cloned from a variety of organisms and shown to be essential for the guidance of axons by the midline of the nervous system (Hedgecock et al., 1990; Ishii et al., 1992; Harris et al., 1996; Mitchell et al., 1996; Sera®ni et al., 1996; . Whereas the C. elegans genome contains just one netrin like gene two distinct netrin sequences have been isolated from D. melanogaster and several vertebrates. A common characteristic of the netrins is that in all species at least one of them is expressed by midline structures. While this is also true for the vertebrate netrins other aspects of their functional properties vary signi®cantly. Apparently, one netrin gene is suf®-cient in mice to guide axons to or away form the midline while the second netrin gene may have acquired a distinct function during the evolution of vertebrates.
In conclusion, the netrins show a remarkable degree of both conservation and divergance. While they represent a highly conserved system to guide axons in the developing nervous system, at the same time members of this gene family display a surprising degree of variation which cannot be explained simply by the speci®c requirements to form a nervous system in different vertebrates.
Experimental procedures
Animals
Mice (NMRI outbred) were purchased from Harlan± Winkelmann Ltd. (Borchen, Germany). The day of detection of the vaginal plug was designated embryonic day zero (E0).
Isolation of cDNA clones
Fully degenerate primers corresponding to the amino acids VLQDWVT (sense primer: GAGGATCCGTN C/T TNCA A/G GA C/T TGGGTNAC) and CNRCAKG (antisense primer: GAGAATTCNCC T/C TNGC G/A CANC G/ T G/A TT G/A CA) were used for PCR on cDNA generated from poly(A) 1 RNA isolated from an E12.5 mouse embryos. PCR fragments were ampli®ed by 40 cycles of denaturation (1 min, 948C), annealing (®ve cycles 1 min, 608C, followed by ®ve cycles at 558C, ®ve cycles at 508C, ®ve cycles at 458C and 20 cycles at 558C) and extension (1 min, 728C), digested with EcoRI and BamHI (New England Biolabs), puri®ed, subcloned into Bluescript (Stratagene), and sequenced. Mouse brain 1:5 £ 10 6 pfu) l ZAP cDNA library, and an E12.5 mouse embryo l ZAPExpress cDNA library (Stratagene, Heidelberg, Germany) were screened with PCR fragments derived from the mouse netrin-1 and -3 transcripts following standard protocols. cDNA clones in the vectors Bluescript and pBK-CMV (Stratagene) were obtained from isolated phages by in vivo excision and were analyzed by enzymatic restriction and sequencing. Clones containing the full coding sequence were isolated for netrin-1 and netrin-3, and several partial cDNAs for netrin-3. The 5
H -end of netrin-3 was isolated by using the Marathon cDNA ampli®cation kit (Clontech) and poly(A) 1 RNA isolated from E12.5 mouse embryos. Ampli®ed PCR fragments were subcloned into Bluescript and sequenced. The longest clone was used as a probe to isolate additional netrin-3 cDNAs. Computer analysis was done using the HUSAR 3.0 software (Deutsches Krebsforschungszentrum, Heidelberg, Germany).
In situ hybridization
Embryos between E9.5 and E15.5 were embedded in paraf®n and processed for in situ hybridization using 35 Slabeled cRNA probes as described previously (Pu Èschel et al., 1995) . The following probes, cloned into pBK-CMV, were used: 0.9 kb PCR-fragments for netrin-1 (corresponding to sequences coding for amino acids 275±641) and a 1.1 kb cDNA fragment for netrin-3 (corresponding to sequences coding for amino acids 211±508). Sections were exposed to Kodak NTB-2 photographic emulsion for 2 weeks. In situ hybridization of whole embryos (E9.5±E12.5) was performed as described using the probes described above.
Expression vectors and transfection
To express recombinant netrin proteins in 293 cells cDNAs were cloned into the pBK-CMV vector (Startagene). For netrin-1 an EcoRI fragment from clone netB40 that contained the entire reading frame was used. A SpeI site was introduced by PCR 5
H of the netrin-3 ATG and the cDNA cloned into pBK-CMV. Epitope-tags (FLAG: DYKDDDDK) were introduced after the last amino acids of netrin-1 and -3 by PCR. To generate C-terminal fusion proteins with the alkaline phosphatase (AP; Flanagan et al., 1991 ) the sequence encoding DYKDDDDKRS was introduced at the C-terminus and the BglII site contained in this sequence used to fuse the coding sequence of the netrins with that of AP to generate pBKnetrin-1-AP and pBKnetrin-2-AP. pCEP4-DCC (Keino-Masu et al., 1996) was a generous gift from Dr. Tessier-Lavigne.
Human embryonic kidney 293 cells (ATCC CRL 1573) grown in 90 mm dishes were transfected with 10 mg of expression plasmid DNA by calcium phosphate coprecipitation. For expression of netrin proteins in N18 and ND7 cells (Wood et al., 1990 ) 2 £ 10 5 cells were plated in 6-well plates the day before the transfection. Cells were transfected using LipofectAmine (GibcoBRL) as suggested by the manufacturer. After 5h of incubation with the DNA/LipofectAmine complex the medium was replaced by serum-free medium (N18) or serum-free medium supplemeted with 5 ng/ml NGF and 10 mM dibutiryl-cAMP (ND7). Conditioned media were collected after 2 days and concentrated 20-fold using centriplus microconcentrators (Amicon) as speci®ed by the manufacturer.
Western blot analysis
Conditioned media and high salt extracts from transfected cells were concentrated using . To analyze recombinant protein bound to the surface of transfected cells cultures were incubated for 5 min with 1 ml 1M NaCl, 10 mM HEPES, pH 7.5 at 378C, and the extract concentrated by ultra®ltration. Transfected cells were lysed in 400 ml 2% cholate in PBS. Samples of recombinant proteins were separated by SDS±PAGE, transfered to nitrocellose and the FLAG epitope detected with the monoclonal antibody M2 (Kodak) using HRP-coupled antimouse IgG as secondary antibody and the ECL system (Amersham).
Co-culture assay
The dorsal spinal cord was dissected into primary culture medium from the lumbar region of E12.5 mouse embryos. Explants were placed onto 30 mm polyornithine-coated plastic dishes (Greiner) and cultured in a 10:1 mixture of collagen (Boehringer Mannheim) and Matrigel (Collaborative Research). After polymerization of the matrix for 60 min at 378C, 1 ml of primary culture medium were added, and the cultures incubated at 378C. Collagen was prepared as speci®ed by the manufacturer (Boehringer Mannheim) and 0.1 volumes of 10 £ minimal essential medium (10 £ MEM), 5% (v/v) fetal calf serum, and 2g/l-glutamin (all Gibco-BRL) were added.
Two hundred and ninety three cell aggregates were formed as described previously (Pu Èschel et al., 1995) . Clusters of cells were harvested into medium and trimmed with tungsten needles for use in explant culture. To generate aggregates of ND7 cells, the cells were transfected as described above and mechanically harvested one day after transfection. After pelleting the cells they were resuspended in 50 ml of low melting point agarose (Sigma) and cut into blocks of appropriate size with tungsten needles.
Detection of netrin binding
netrin-1-AP and netrin-3-AP were expressed in 293 cells. After 2 days of culture conditioned medium containing the secreted recombinant protein was concentrated 100-fold by ultra®ltration using centriplus-30 units (Amicon). While netrin-3 was not secreted by 293 cells, some netrin-3-AP could be detected in the medium of transfected 293 cells (data not shown), probably due to its fusion to the alkaline phosphatase which can increase the amount and stability of secreted proteins (unpublished observations). The concentration of AP fusion protein was determined using p-Nitrophenyl phosphate (Sigma) as a substrate. One unit of AP activity corresponds to the amount of enzyme that liberates 1 mmol of p-nitrophenol per h. Two hundred and ninety three cells were transfected with an expression plasmid for DCC by calcium phosphate coprecipitation and binding of AP-fusion proteins to transfected cells was determined after two days of culture. Recombinant protein was added to the cells in medium supplemented with 3% (v/v) fetal calf serum and 20 mg/ml heparin (Sigma) and incubated for 60 min at 378C. After one wash with PBS for 15 min, the cultures were ®xed for 5 min in 3.7% formaldehyde in PBS. The cells were washed once with AP-buffer (100mM Tris, 100mM NaCl, 5mM MgCl 2 , 600 mg/ml levamisole (Sigma), pH 9.5), and bound proteins visualized with a staining solution containing 34 mg/ml Nitro-blue-tetrazolium, 18 mg/ml 5-bromo-4-chloro-3-indolylphosphate (Boehringer Mannheim), and 600 mg/ml levamisole in AP-buffer.
Note added in proof:
The accession numbers for the netrin-1 and netrin-3 sequences are AF128865 and AF128866.
